Resonant symmetric charge exchange is presumed to be the predominant type of ion-atom collision that determines the kinetic-energy distributions of singly charged positive ions in the cathode fall region or sheath of low-pressure glow discharges in rare gases [1] [2] [3] [4] [5] [6] [7] [8] [9] . Recent experimental work of Radovanov and co-workers [10] has shown that the kineticenergy distributions of Ar + in a diffuse Townsend discharge are Maxwellian and consistent with predictions of a simple charge-transfer model derived by Wannier [11] (also see [9] and [12] ) for electric-field to gas-density ratios (EIN) up to about 2X 10-17 V m2 (20 kTd, 1 Td == 10-21 V m2). However, there are indications from this work that at EIN=2X 10-17 V m2, the charge-transfer model begins to fail. Mase and co-workers [13] have clearly shown from low-pressure drift-tube experiments that at sufficiently high effective EIN, the kinetic-energy distribution of Ar+ in Ar will exhibit significant deviations from Maxwellian behavior with a high-energy tailor peak indicative of "runaway" or "beamlike" ions that experience few if any collisions in traversing the drift tube. It should be noted that departures from Maxwellianbehaviorhave also been seen for He+ in He, Ne+ in Ne, and Ar+ in Ar from the measuredionvelocity distributions of Ong and Hogan [14] for relatively low EIN, below 3.2X 10-19 V m2 (320 Td). At low EIN, the .Permanent address:Institutefor PlasmaResearch, Bhat,Gandhinagar, 382424 India.
tElectronic address: vanbrunt@EEEL.nist.gov measured ion-energy distributions are susceptible to distortions arising from low-energy ion discrimination, ion absorption, and ion-surface interactions at the metal sampling plate [15, 16] . Very little experimental data exist on the kinetic-energy distributions of positive ions in rare gases at high EIN (above lxlO-18 Vm2). In order to obtain data at EIN above the breakdown strength of the gas where drift tubes fail, it has been necessary to resort to the use of low-density, diffuse parallel-plate discharges generally known as Townsend discharges. A Townsend discharge corresponds to conditions immediately above breakdown inception near the Paschen minimum where the voltage drop across the electrodes is nearly independent of the discharge current [17] [18] [19] . In this type of discharge, the charged-particle densities are too low to significantly perturb the electric-field strength between parallel electrodes, and therefore, assuming a uniform gas density, the discharge region can be characterized as having a constant and uniform EIN. The positive ions are initially produced throughout the discharge volume by electron impact, and because of the nature of electron multiplication in the discharge, the ion density is expected to be nonuniform and peaked near the anode.
In an earlier work, Hornbeck [20] used a pulsed Townsend discharge to measure the drift velocities of ions in helium, neon, and argon for EIN up to about 2 X 10-18 V m 2. The measurements mentioned above by Radovanov and co-workers [10] of ion kinetic energies in argon at high EIN were performed using self-sustained Townsend discharges, as were the measurements in the present work. Although the experimental approach is similar to that taken in our earlier work [10] , the apparatus used here, including the 54 5641 S; merely represents a linear extrapolation of the low-energy portion of the distribution for e<5.0 eV in the calculations of (e) and R.
IV. RESULTS
A. Kinetic-energydistributions
Examples of measured ion-kinetic-energy distributions (Si versus ei) are presented in Figs. 4, 5, and 6, respectively, for Ar +, Ne +, and He +. Shown in each case are the distri-.
butions at three widely separated values of EIN together with fits using the form of Eq. (5) (dashed lines) and Eq. (6) (solid lines). The intensities Si correspond to the total number of counts/s that were recorded at each energy, Le., the distributions, as shown, have not been normalized. As seen from the data for ei> 60 eV in the top graph of Fig. 6 , the contribution of noise counts to the recorded signals is typically much less than 1% over the observed energy ranges. All of the data displayed in Figs. 4-6 were obtained for a gap spacing of 2.0 cm. No data points are shown for energies below 5.0 eV, where effects due to the finite energy resolution are known to distort the energy distribution. In some cases, energy discrimination effects appeared to extend somewhat above 5.0 eV as evident by the appearance of maxima in the distributions. The distorting effects noted by Skullerud and Holmstrom [15] due to ion-electrode interactions, most evident at EIN below about 1 X 10-19 V m 2, are not expected to be important here for energies above 5 eV.
It is seen that, in all cases, the difference between the two fits to the data are barely noticable, especially at the lower values of EIN. In general, if a good fit to the data is obtained using the model based on Eq. (5), then an equally good fit is obtained using the Maxwellian approximation given by Eq. (6). This implies, as indicated in Tables I-ill, that {3is small  and the assumption of constant charge-transfer cross sections for Ar+ + Ar, Ne+ + Ne, and He+ + He is reasonable. It should be noted that, in fitting the forms of Eqs. (5) and (6) to the data, maxima that appeared in Si versus ei for ei>5.0 eV were ignored.
Above about 2 X 10-17 V m 2 (20 kTd) for argon and neon and above about 1X 10-17 V m2 (10 kTd) for helium, deviations from the Maxwellian form appeared. As seen in Fig. 4 , the energydistributionsfor Ar+ developan enhancedhighenergy tail for EI N> 2 X 10-17 V m2. This deviation from a Maxwellian form was not evident in the earlier Ar + results of Radovanov and co-workers [10] because of a lack of detection sensitivity and severe limits on the maximum energies that could be observed in that work. For Ne + and He+, the deviations from Maxwellian behavior are initially manifested by decreases in the ion flux at the low-energy ends of the distributions.
It is clear from the present results that, at sufficiently high EIN, the charge-transfer model fails to provide an adequate prediction of the kinetic-energy distributions for singly charged ions. It will be shown in Sec. IV B that the mean ion energies also begin to fall below the model predictions based on Eq. (9) or (10) when deviations from the Maxwellian form become evident. It should be noted that, in the case of helium, it was not possible to obtain reliable data on the ion kinetic-energy distributions for EIN above about 2.0X 10-17 V m 2 (20 kTd) because of the inability to maintain a stable self-sustained Townsend discharge.
Examples of measured ion-energy distributions for the doubly charged .ions ArH, NeH, and HeH ar~shown in Fig. 7 . The data presented in this figure were obtained for a gap spacing of 2 cm and at the indicated values for EI N. The solid lines are fits to the data of the form aexp( -be). For EIN < 1.5X 10-17V m2, the Maxwellian form provides reasonable fits to the distributions for ArH and NeH ions. In the case of He 2+, the measured kinetic-energy distributions cannot be described adequately by a Maxwellian even at relatively low EIN values. Below about 1.0X 10-17 V m 2, the He H distributions exhibit a two-temperature characteristic as seen by the data at EIN = 0.2X 10-17 V m2 in Fig. 7 . At high EIN, the energy distributions for all three doubly charged ions tend to develop maxima at energies significantly greater than 5 eV, below which the flux is lower than expected for a Maxwellian. The extent to which the maxima in the observed energy distributions for doubly charged ions are real, e.g., are due to a breakdown of the one-dimensional approximation for ion transport, or are the consequence of instrumental effects due to low-energy ion discrimination is not known. However, from the results obtained for singly charged ions, it would appear that effects of ion discrimination are not likely to extend up to energies greater than 50 eV as would be required to account for the deviations from Maxwellian behavior evident from the data in Fig. 7 at high EIN.
B. Mean energies
For each of the singly charged ions Ar +, Ne +, and He+, no significant differences were found in the mean energies determined from fits to the measured energydistribution data using Eqs. (9) and (10) . Mean energies that were obtained from the use of Eqs. Table I . It is seen that the effective ion temperatures associated with the high-TABLE II. Summary of the results for Ne +. Listed for each value of EIN are the mean energy (e) calculated using Eq. (11), the mean energy kT + from fits to the data using Eq. (6), the /3 parameter from fits to the data using Eq. (5), and Qcr= Qo calculated fromEq. (7) usingkT+ fromMaxwellianfits. 
where M is the ion mass (see Ref. [10] Ne+ from Hegerberg and co-workers show better agreement with the present data for EIN below I X 10-18 V m2. Figure 8 also shows the mean energies for Ar + previously reported by Radovanov and co-workers [10] (open squares), which have been multiplied by the factor 0.67 (see the Appendix) to make them consistent with the definition of mean energy used here. Except at the highest value of EIN (2.0X 10-17 V m2), the earlier results agree with the present data to within the estimated uncertainties. The uncertainties in the present data are given in Tables I-VI and are comparable in most cases to the sizes of the data points that are shown. The uncertainties given in the tables reflect the range of values extracted from energy distributions measured at different times using different ion focusing and discharge conditions. The values listed in the tables and also plotted in Figs. 8-10 are those obtained under conditions for which there was greatest confidence in the uniformity of the ion transmission. The uncertainties in mean energy are less than ::t15% in most cases. The main source of uncertainty in the data of Radovanov et al. [10] , as reflected in the error bars shown in Fig. 8 , was attributed to uncertainties in fitting the data. Because the present Si versus 8i data exhibit much less statistical scatter, this source of uncertainty has been significantly reduced.
For the singly charged ions, the solid straight lines are fits (1I) . The open diamonds correspond to fits to the high-energy tails of the distributions in those cases where there was a significant deviation from Maxwellian behavior. The results for Ar+ are compared with the data of Ref. [10] (open squares) and estimates from the drift velocity data in Ref. [20] (solid circles) and in Ref. [32] (solid inverted triangles). The lines are fits to the data based on an assumed direct proportionality between (e) and EIN. For ArH, the open inverted triangles are mean energies calculated using Eq. (1I) and the open circles are ion temperatures from Maxwellian fits to the high-energy part of the energy distributions.
to the data that are consistent with the direct proportionality betweenkT+ and EIN impliedby Eq. (7), Le.,they have a slope of 1.0 on a log-log plot. It is seen, especially for Ar+ and Ne +, that above 2. Tables IV-VI are derived from the data using Eq. (11) . The open circles correspond to the ion temperatures implied by Maxwellian fits to the high energy portions of the energydistribution data as seen in Fig. 7 . In the case of He, the solid diamonds correspond to the temperatures implied by the low-energy portions of the energy distributions. For all three gases, the mean energies of the doubly charged ions are significantly greater than the mean energies of the singly charged ions at any given E/N. The data for Ar2+ and NeH show a direct proportionality between (8) and E/ N below about 1.5X 10-17 V m 2, as indicated by the large dashed lines in Figs. 8 and 9 that have a slope of 1.0.
C. Abundancesof doubly charged ions
The relative contributions to the total flux of ions hitting the cathode from the doubly charged species Ar2+, Ne2+, and He2+ were estimated at each E/N using Eqs. (12)-(14) . The results are given in Tables IV-VI together with estimated uncertainties (typically less than :::!:: 30%) based on data obtained using different ion focusing conditions. The results for R (~+) are also shown in Fig. 11 . There is a tendency in all three gases for the contributions from the doubly charged ions to initially decrease with E/ N and then remain relatively constant. The R(Ar2+) data are also consistent in magnitude with the values reported by Radovanov and co-workers [10] . In no case were the ions Ar2+, Ne 2+, and He 2+ found to constitute more than 3% of the total ion flux. 
D. Charge-transfer cross sections
From fits to the kinetic-energy distribution data using the Maxwellian form given by Eq. (6), effective constant chargetransfer cross sections can be extracted from the adjustable parameter busing Eq. (7), i.e., Tables I-III . These values are also plotted versus (8) in Figs. 12-14 together with selected cross-section data from numerous sources [30, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] that were extracted from the compilations published by Phelps [30] , Sakabe and Izawa [33] , and Martinez and Dheandhanoo [34] . The values for Qcr that apply to the data at low E/ N where the Maxwellian form adequately describes the entire energy distribution are indicated by the closed circles in Figs. 12-14 . The closed triangles correspond to the cases at high E/ N where the distributions deviate from the Maxwellian form. In these cases, Qcr were derived from fits to the low-energy parts of the distributions as discussed above. The data from other sources are indicated by lines or open symbols.
Qcr=Qo=eb(~).
In those cases where the Maxwellian form accurately describes the measured energy distributions for Ar +, Ne +, and He +, it is seen that the cross-section values derived from the data are consistent with the available data and do not vary significantly with (8) . The cross sections obtained from distributions that deviate from Maxwellian form tend, in all cases, to have values that increase with (8) and lie above those reported in previously published works. [30] , dashed line; Ref. [34] , open circles; Ref. [35] , open squares; Ref. [41] , open triangles; Ref. [37] , open inverted triangles; Ref. [38] , open diamonds; and Ref. [39] , open hexagons. The closed circles correspond to cases where the energy distributions were Maxwellian and the closed triangles to cases where there were deviations from Maxwellian behavior. [33] , solid line; Ref. [34] , open circles; Ref. [35] , open squares; Ref. [40] , open triangles; Ref. [41] , open inverted triangles, Ref. [42] , open diamonds, and Ref. [43] , open hexagons. The closed circles correspond to cases where the energy distributions were Maxwellian and the closed triangles to cases where there were deviations from Maxwellian behavior.
1X 10-17 V m 2 for He +, the charge-transfer model provides a reasonably accurate description of the ion kinetic-energy distributions. The fits to the energy-distribution data within the EIN region where the charge-transfer model is valid generally yield small values for the exponential parameter {3in the assumed form of the cross section given by Eq. (4), thus indicating that the assumption of a constant cross section is reasonable and the ion-kinetic-energy distributions are essentially Maxwellian. Values for the total resonant chargetransfer c,:rosssection obtained from fits to the data using the Maxwellian approximation were found in all cases to lie within the range of previously published data.
At EI N values greater than those indicated above, the measured ion-kinetic-energy distributions begin to deviate from the Maxwellian form predicted by the charge-transfer model.Thesedeviationsare manifiestedin the case of Ar+ by the appearance of enhanced high-energy tails and for Ne+ and He+ by suppressionsin the low-energyend of the distributions. It is also significant that when the energy distributions deviate from Maxwellian form, the cross sections determined from the Maxwellian fits take on values for all three ions that are significantly greater than suggested by the available data. This means that the ion temperatures are lower than would be predicted by the charge-transfer model. This trend is reflected in the data on mean ion energies that exhibit significant departures from the simple proportionality (e)rx.EIN implied by the model at EIN values where the energy distributions are non-Maxwellian.
It is not presently known why the observed ion-kineticenergy distributions depart from the predictions of the charge-transfer model at high EIN. Although it can be speculated, at least for Ar +, that the non-Maxwellian behav- [33] , solid line; Ref. [44] , open circles; Ref. [36] , open triangles; Ref. [47] , open squares; Ref. [45] , open inverted triangles, Ref. [37] , open diamonds, and Ref. [46] , open hexagons. The closed circles correspond to cases where the energy distributions were Maxwellian and the closed triangles to cases where there were deviations from Maxwellian behavior. ior at high EI N is attributable to deviations from equilibrium conditions in the transport of ions, there is neither unequivocal experimental evidence nor theoretical arguments to support this speculation. The measured ion-energy distributions did not, for example, depend significantly on the electrode gap spacing and the maximum observable ion energies failed to come close to the upper limit e Vd imposed by voltage drop across the electrodes as recently seen in the case of H+ transport in H2 discharges [48] .
The mean free path of the ions is estimated, in all cases, to be small compared with the electrode gap spacing. For example, in the case of Ar + in Ar, the mean free path varies from about 3 X 10-3 cm at the lowest EIN to about 4X 10-2 cm at the highest EIN. Because the mean free path is generally more than an order of magnitude smaller than the gap spacing, it can be argued that there should always be a sufficient number of collisions to ensure equilibrium.
Of course, arguments based on mean free path considerations or possible changes in the energy distribution with gap spacing must necessarily also consider the energy dependence of the cross section and the density distribution of ions in the gap. The resonant charge-transfer cross sections for the ions Ar +, Ne +, and He + decrease only relatively slowly with energy up to about 105 eV, at which point they drop precipitously [33] . A slow decrease in the cross section with energy presents an unfavorable condition for the occurrence of deviations from equilibrium that are manifested by the appearance of high-energy "runaway" ions.
It is conceivable that apparent deviations from equilibrium could be reflected in the data if a significant fraction of the ions were formed within one mean-free-path distance from the cathode. However, because of the electron avalanching effect in a Townsend discharge, the ion densities are expected to be the highest near the anode. It has been argued [49] that even at EIN as high as 4 X 10-17 V m2 (40 kTd), the rate of ion formation by electron impact in an argon discharge is nearly independent of position within the electrode gap.
Although inelastic collisions that result in electronic excitation or ionization begin to occur at energies above 20 eV, it is found [31, 49] ,at least in the case of Ar+ + Ar, that the cross sections for these processes are an order of magnitude or more below that for charge transfer, even for energies up to 500 eV. It was previously shown by Radovanov and coworkers [10] that ion-energy loss by processes other than charge transfer are not likely to affect significantly the transport of Ar+ in Ar for EIN up to 2X 10-17 V m2. The extent to which inelastic ion-atom collisions resulting in excitation or ionization cause a breakdown of the charge-transfer model at EIN above 2X 10-17 V m2 remains unclear. Collisions of ions with long-lived metastable excited atoms may also be important at high EIN, but little or nothing is known about the cross sections or rates for these processes.
Deviations from Maxwellian behavior at low ion energies may reflect in part a failure of the one-dimensional approximation. This approximation neglects effects due to momentum transfer and angular distributions of the ions that may be characteristic of the relevant ion-molecule interactions. It is expected that angular scattering will be most significant at the lowest energies and could lead to an apparent suppression or reduction in the ion flux at these energies.
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The mean kinetic energies of the doubly charged ions AJ2+,Ne 2+, and He2+ were found to be much higher than the mean energies of the corresponding singly charged ions. This trend suggests that charge-transfer or inelastic collisons are comparatively less important as energy-loss mechanisms in affecting the transport of doubly charged ions. From the experimental results of Huber [50] , it appears that the cross section for the double electron transfer process
at collision energies below 1000 eV is nearly an order of magnitude below the cross section for Ar + + Ar charge transfer. (Also see [4] for a review of the double chargetransfer processes in argon). If the charge-transfer model applies to Ar2+ + Ar, i.e., if process (17) above dominates, then, based on Eq. (7), the lower cross section for double charge transfer compared to single charge transfer in Ar + + Ar collisions would account for the higher mean energies observed for Ar2+. It is found experimentally [50] that in the energy range relevant to the EIN values considered here, the cross sections for the competing processes
and
are more than an order of magnitude below that of process (17) . Thus the present results appear to be consistent with a simple charge-transfer model for transport of Ar2+ in Ar. This presumes, of course, that the kinetic-energy distributions are really Maxwellian and that the deviations from Maxwellian form that appeared here at low energies are associated either with instrumental ion-discrimination effects or a possible breakdown of the one-dimensional approximation assumed in the model. The mean energy data for Ar2+ in Table IV , when used in the simple charge-transfer model, yield total cross sections for process (17) that lie in the range of 9.0X 10-16 to 1O.6X10-16 cm 2. This range of values agrees, to within the stated uncertainties, with extrapolations to low energies of the data from Huber [50] and from Cosby and Moran [51] .
From an examination of available cross-section data [52] [53] [54] [55] , it would appear that similar arguments could be made for the other doubly charged ions Ne 2+ and He2+.However, unlike Ar2+ and Ne 2+, the energy distribution data for HeH are not consistent with the charge-transfer model within the EIN range covered in this work. In the case of Ne 2+, the data given in Table V imply a total double chargetransfer cross section in the range 4.7X 1O-16_6.7X10-16 cm2.
The relative contributions of the doubly charged ions to the total ion fluxes impinging on the cathode were found to be small (less than 3% at all EIN). The tendency for the doubly charged ion contributions to decrease and become constant with increasing EIN is not understood. This trend would seem to be contrary to expectations based on the rates for ion formation by electron impact. When EIN increases, the mean energy of electrons in the discharge should increase and thereby cause a corresponding increase in the relative rate for doubly charged ion production consistent with the known energy dependences of the cross sections for single and double ionization by electron impact [56] . There is no evidence based on the energy dependence of the cross sections [50] that the rates for destruction of doubly charged ions, such as by processes (18) and (19) , should significantly increase with increasing E/N. Collisions involving metastable excited species, e.g., HeH + He(2 3S), could become important at high E/ N due to an increase in the metastable density; however, nothing is known about either the densities of metastable species or the effectiveness of these types of collisions in destroying doubly charged ions. It might be speculated that processes such as (18) and (19) , above in which doubly charged ions are converted to singly charged ions, could influence the shapes of the energy distributions for Ar+, Ne +, and He +. In particular, this source of singly charged ions in the discharge might contribute significantly to the high-energy tails seen in the Ar + distributions at relatively high E/N.
It is also of interest to point out that the dimer ions Art, Net, and He2+ were sometimes observed, albeit at very low abundances, for values of E/ N below about l.OX 10-18 V m2. At higher E/N, these ions were not detected. Although the dimer ions can presumably be formed even at low pressures and high E/ N by the associative ionization mechanism [57] , e.g., He* + He-+ He2++ e, (20) the failure to see them implies that either the rates for formation are very low and/or they are readily destroyed by collisions [58] . 
APPENDIX
Consideration is given here to the problem of selecting the correct functional form to fit measured data on ionenergy distributions in order to make proper comparisons with the predictions of theoretical models such as based on solutions of the Boltzmann transport equation. In the discussion that follows, it will be assumed that the correct onedimensional velocity distribution is that which corresponds to a solution of the Boltzmann transport equation for motion of ions in a high, uniform electric field. The approximation considered is one-dimensional in the sense that angular scattering and motion of the ions in a direction perpendicular to the electric-field direction are neglected (see, for example, Ref. [59] ). If it is also assumed that resonant symmetric charge transfer is the only collision process with a velocitydependent cross section Qcr(vz), it can then be shown [10, 11, 31] 
where M is the ion mass and v z is the velocity component in the direction of the electric field. Considering first the approximation of a constant cross section, one obtains from Eq. (AI) the Maxwellian form
where kT + is defined by Eq. (7). The equivalent energy distribution f( B) is obtained from the transformation
which gives
Note that the transformation given by Eq. (10) in Ref. [10] contains an error in the omission of the factor B-112. From the normalization requirement
it is found that CI=(2M)II2/(7TkT+)II2. The "true" mean energy(B)I obtainedusingthe distributionf( B) is givenby
which differs by the factor 1/2 from the definition of mean energy used here, Eq. (10), which is based on a measured flux-energy distribution. If, as in the present experiments, one measures ion energies using an energy or velocity selector, then one is not directly measuring the true energy distribution f( B), but rather a flux-energy distribution [15] . The shape of the ftuxenergy distribution that is recorded depends on the type of energy or velocity analysis that is employed. The experiments discussed in the present work were performed under conditions where the ions pass through an electrostatic energy selector with a fixed energy spread I1B, that is independent of the recorded nominal energy Bj. Therefore, the signals Sj(llB"Bj) recorded at each Bj represent a differential flux that corresponds to the numbers of ions with kinetic energies in the range Bj-I1B.l2 to Bj+ I1B.l2 that cross a fixed area in the planar cathode per unit time. Here the area is defined by the sampling orifice and the analyzer transmission function is assumed, for simplicity, to be rectangular. In reality the transmission function is more likely to be Gaussian as discussed below.
Allowing that, in velocity space, the flux is proportional to vzg(vz)dvz (see Ref. [15] 
where n"A is an intensity-geometrical factor proportional to the area of the sampling orifice and the density of ions at the orifice. Integration of this equation gives 
wherea = 2.771is the appropriatefactorrequiredfor~er to be the full width at half maximum. Provided ej~~e" the transmission function does not significantly distort the fluxenergy distribution and the form aexp( -be) should still provide an acceptable representation of the data. However, as ej becomes comparable to or smaller than~er, the shape of the measured distribution becomes increasing governed by the form of p(e,ej,~er).
If the measurements are performed using a velocity selector with a rectangular transmission function, then the recorded signals are given by 
For sufficiently high velocity and velocity resolution such that vj~v/kT +~1, one obtains, after appropriate change of variable, a flux-energy distribution of the form ael12exp (-be) . This is the form that gave the best fit to the data in Ref. [10] and gives a mean flux energy of 3kT +/2. This is also the form obtained for a standard threedimensional Maxwellian distribution [29] . Although reasonable fits to the present data were sometimes obtained using this form, it was found that this happened under conditions where effects of low-energy ion discrimination were most evident. In any case, this is not the proper form to use for comparing the present data with the model predictions. It should also be pointed out, as discussed by Allen [29] , that if an energy analyzer is used for which the ratiõ er/e is a constant instead of~er (see Ref. [50] ), then the recorded flux will be proportional to ej. In this case the appropriate fit to the data for a Maxwellian should be of the form aeexp( -be). In no case were the present data adequately represented by this form.
Final~y,if the charge-transfer cross section has the energy dependence given by Eq. (4), it is found after performing the integration in Eq. (AI) and making the transformation to the energy variable that 
The form given by Eq. (5) is obtained using Eq. (AI6) in Eq. (I) and requiring the normalization implied by Eq. (3). The factor C' is determined by the normalization requirement for f(e).
